Complexes made of DNA and chloroterpyridine platinum (PtTC) bound to plasmid DNA were placed in aqueous solution and irradiated with monochromatic X rays tuned to the resonant photoabsorption energy of the L III shell of the platinum atom. The number of single-and double-strand breaks (SSBs and DSBs) induced by irradiation on a supercoiled DNA plasmid was measured by the production of the circular-nicked and linear forms. To distinguish the contribution of the direct effects of ionization from the indirect effects due to a free radical attack, experiments were also performed in the presence of a hydroxyl free radical scavenger, dimethyl sulfoxide (DMSO). An enhancement of the number of SSBs and DSBs was observed when the plasmids contained the platinum intercalating molecules. A quantitative analysis was made to evaluate the respective contributions of the direct effects (Auger effect) and the indirect effects (free radical attack) to the number of DNA strand breaks. Even when off-resonant X rays were used, the strand break efficiency remained higher than expected based upon the absorption cross section, suggesting that the platinum bound to DNA might be increasing the yield of strand breaks. A mechanism is suggested that involves photoelectrons generated from the ionization of water which efficiently ionize platinum atoms. If this mechanism is correct, then heavy atoms, with a large cross section for ionization by electrons that are bound to the DNA, should behave as a radiosensitizer. This observation may provide insight into understanding the effects of new radiotherapy protocols, related chemotherapeutic agents such as cisplatin, and conventional radiotherapy for the treatment of tumors. A possible way to deliver the dose selectively in a well-defined volume, which uses the properties of the linear energy transfer of atomic ions interacting with matter, is suggested. ᭧
INTRODUCTION
In Auger processes, the relaxation of the excited electronic core is followed by the ejection of energetic electrons 1 Author to whom correspondence should be addressed at Laboratoire des Collisions Atomiques et Moléculaires (URA 281), Bât 351, 91405, Orsay Cedex, France; e-mail: lesech@lcam.u-psud.fr.
(Auger electron cascade), producing atomic and molecular ions in multiple, positively charged states. The Auger effect has been used widely in radiobiology as a tool to generate electrons and charged centers; subsequently, these species may induce breakage of chemical bonds in their neighborhoods by direct ionization or charge recombination. The underlying idea is that the Auger effect could be of great interest in radiotherapy when Auger electron emitters are selectively introduced into neoplastic tissues to preferentially kill tumor cells. Electron-emitting radionuclides such as 125 I, 131 I and 32 P are used in the treatment of leukemia and thyroid tumors.
Much work has been devoted to studying the effects of Auger electron emitters in mammalian cells. Experiments using gadolinium ( 157 Gd), an electron emitter produced by the capture of thermal neutrons, have been reported by Laster et al. (1) . Additional papers cited by Laster et al. deal with the radiobiological effects of different electronemitting radionuclides that have been incorporated into cells. To investigate the respective contributions of direct and indirect effects to cell lethality and to DNA damage, experiments have been performed using different radionuclides. Recently, Bishayee et al. (2) performed experiments on mammalian cells using the Auger electron and ␤-particle emitters 125 I and 131 I and observed that the effects of the electrons in living cells can be decreased by the introduction of a free radical scavenger, suggesting that the toxicity of the Auger electrons is mediated largely by free radicals, and hence is indirect in nature.
Experiments have been done with plasmids to study the formation of DNA damage due to Auger effects. Sahu et al. (3) and Kassis (4, 5) reported detailed studies of DNA damage induced by the decay of 125 I when this emitter was bound or not bound to the DNA. When the Auger electron emitter 125 I-iodoHoechst 33342 was bound to the minor groove of the DNA, the induction of DSBs was found not to be protected by free radical scavengers like DMSO. When the Auger electron emitter 125 I-iodoantipyrine ( 125 IAP), which does not bind to DNA, was used, DMSO efficiently prevented the formation of DSBs by scavenging hydroxyl radicals.
ENHANCEMENT OF X-RAY-INDUCED BREAKS IN DNA BOUND TO MOLECULES CONTAINING PLATINUM
The existence and relative contributions of the direct and indirect effects need to be studied further to identify the different mechanisms that lead to DNA damage, cellular alterations, or cell death.
A somewhat different approach is to trigger the Auger effect by the absorption of X-ray photons (photoelectric effect), leading to the excitation or ionization of an innershell electron. The rearrangement of the excited atomic core occurs mainly through the Auger channel, not the radiative channel, when the primary excitation takes place in the K shells of light atoms (Z Ͻ 30) or the L shells of heavier ones. This approach was used by Halpern and Mütze (6) and Usami et al. (7) with living cells containing bromouracil instead of thymine. Irradiations with X rays tuned to the K shell of the bromine atom showed an enhancement of cellular lethality. Experiments on DNA molecules or mammalian cells containing iodine or bromine atoms were also done by Takakura (8) and Laster et al. (9) , respectively.
The related cross section for the photoabsorption of X rays is dependent on the photon energy, and it may exhibit, in favorable cases, a resonant structure near the ionization threshold. A particular atomic species in a molecule can thus be selected as a target for primary energy deposition by tuning the photon energy to a specific resonant process. In recent work (10), we used the L III -shell resonance of the platinum atom of the DNA intercalant chloroterpyridineplatinum II (PtTC) under dry conditions.
The purpose of the present work was to study this DNA complex in aqueous solution, where both direct and indirect effects are present. Using dimethyl sulfoxide (DMSO) as a radical scavenger, we assessed the proportions of DNA damage that were derived from the direct and indirect effects by comparing the effects in the presence and absence of DMSO.
MATERIALS AND METHODS

Preparation of the DNA-PtTC Samples
DNA plasmids pBR322 (4361 bp), supplied in 10 mmol dm Ϫ3 TrisHCl, pH 8.0, 1 mmol dm Ϫ3 EDTA, were purchased from Takara Shuzo. The preparation contained 82% form I (supercoiled circular), 18% form II (relaxed circular), and no form III (linear). A solution of DNA and PtTC was prepared with a defined ratio r: number of Pt atoms r ϭ . number of P atoms in DNA In the studies reported here, r ϭ 1/10; i.e., there was an average of one platinum atom every 5 bp. Additional details can be found in ref. (10) . When experiments were performed in the presence of the free radical scavenger DMSO, the DMSO concentration was 1.0 mol dm
Ϫ3
.
Binding of PtTC Molecules to DNA Plasmid
The binding of PtTC to DNA was done in Tris/HCl buffer (10 mmol dm Ϫ3 Tris/HCl, 1 mmol dm Ϫ3 EDTA, pH 8) at room temperature (20ЊC). A saturation experiment was performed using absorption spectrophotometry to determine the ratio, r, giving complete saturation of DNA by PtTC, to get a maximum of bound PtTC molecules with practically no free molecules left in the solution. Free PtTC molecules exhibit an absorbance maximum at 332 nm. With the addition of DNA, the absorption spectrum changes, exhibiting a significant hypochromicity at the maximum. Based upon previous work by Le Sech et al. (10) , it can be concluded that for ratios of r smaller than 0.1, a negligible fraction of PtTC remains free in solution.
The intercalating properties of the PtTC molecules in DNA were studied by Jennette et al. (11) .
Photoabsorption by PtTC Molecules at the L III -Shell Edge
The absorption spectrum of the PtTC around the L III -shell edge of platinum was reported previously (10) . In brief, a resonant structure is observed near the L III -shell edge, with its maximum located at E on ϭ 11.562 keV. This resonance energy value E on was used in the first part of this work. The shape of the resonance and the related enhancement of the absorption cross section are due to a molecular electronic contribution. The corresponding photoabsorption cross sections at E on are (10) 
Irradiation of the Samples
A 100-l sample was placed in a vessel with a 7.9-m-thick Kapton (or polyimide) window. The thickness of the vessel was 2.0 mm and the transmittance of water of 2 mm thickness was 0.47. The solution in the vessel was stirred with a glass-coated iron stir bar during irradiation to produce a uniform dose throughout the sample. The same type of vessel has been described by Watanabe et al. (12) . The Kapton window can be considered to be completely transparent to X rays. The sample irradiation was performed (11.562 keV) at the Photon Factory, KEK, on the beam line BL27B facility port (13) under atmospheric conditions at room temperature. The maximum exposure time was 24 min for samples containing DMSO and 12 min for samples without DMSO. No differences were found between control samples placed in the experiment room and those placed in the preparation room.
Plasmid Analysis and the Determination of the Number of Breaks
After irradiation, the samples were analyzed by submarine agarose gel electrophoresis for 3 h at 4ЊC, at 850 V/m (1.7% agarose, buffer: 40 mmol dm Ϫ3 Tris, 5 mmol dm Ϫ3 sodium acetate, 1 mmol dm Ϫ3 EDTA, pH 7.8). After the gel was stained with ethidium bromide (1 g/ml), it was placed under UV light (312 nm), and the fluorescence image was recorded with a cooled CCD camera (Hamamatsu photonics, C4880). Image analysis software (NIH Image) was used to determine the integrated fluorescence of the three bands corresponding to the three plasmid forms. Considering that supercoiled plasmids bind the ethidium bromide 1.42 times less than the relaxed forms, the percentage of the three different forms of DNA in each lane was determined. The fractions of SSBs and DSBs were calculated as described previously (14) . No significant artifacts in electrophoresis or staining with ethidium bromide due to the binding of PtTC to DNA were found. Furthermore, it was shown that bound PtTC does not cleave the plasmids without irradiation. Figures 1 and 2 , respectively, display the numbers of radiation-induced SSBs and DSBs, respectively, in the supercoiled plasmid in aqueous solution. The numbers of breaks per plasmid are plotted as a function of radiation dose under different conditions: (1) in the presence and absence of the platinum-containing intercalating substance; (2) tuning the photon energy to the L III -shell resonance of platinum E on and to an off-resonance energy just below the Note. The concentration of platinum is one platinum atom per 5 bp.
RESULTS AND DISCUSSION
resonance energy (E off ϭ 11.540 keV); and (3) in the presence and absence of the radical scavenger DMSO.
Since the induction of SSBs and DSBs was similar, we will focus our discussion mainly on DSB induction. Curves A and B in Fig. 1 and AЈ and BЈ in Fig. 2 respectively show the numbers of SSBs and DSBs per plasmid observed in the DNA ϩ PtTC complex and in free DNA. Curves CЈ and DЈ in Fig. 2 show the numbers of DSBs in the same samples, i.e. the DNA ϩ PtTC complex and the free DNA, respectively, but containing 1 M DMSO. Curves AЈ, BЈ, CЈ and DЈ were obtained with the same platinum-resonant radiation, E on ϭ 11.562 keV. Curve EЈ in Fig. 2 represents the number of DSBs per plasmid measured just below the peak energy at the resonant energy E off ϭ 11.540 keV.
In all cases, induction of SSBs and DSBs was, within the error limits, linear with respect to the dose. The slopes of these curves are therefore dose-independent measures of the global break efficiency per plasmid under the various conditions. The numerical values of these slopes, m AЈ , m BЈ , etc. at different energies are reported in Table 1 ; the slopes when DMSO was added are shown in Table 2 .
The striking outcome that occurred in all experiments (without DMSO) was the enhancement of the number of breaks in plasmids containing platinum atoms relative to the number in plasmids that did not contain platinum. The ratio of the slopes [m AЈ (DSB) over m BЈ (DSB)] represents this enhancement in DSB induction per plasmid due to the platinum. At the resonant energy, it was found that This value is significantly larger than unity, the value which would be expected if R exp was determined solely by the photoabsorption cross sections. The goal of our work was to understand the underlying mechanism producing the observed value of R exp that was not equal to unity. To address this, we considered the ratio of the photoabsorption cross sections of the two systems corresponding to
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TABLE 2 Slopes of the Lines m(SSB) and m(DSB) Giving the Number of SSBs and DSBs in
Complexes of DNA ؉ Platinum and in DNA with DMSO ϩ3 barns) per bp (10) . As expected, the value is very close to 1, because most of the energy is absorbed in the bulk of water.
Therefore, it is evident that the ratio R eff of the photoabsorption efficiencies has nothing to do with the ratio R exp , which is the actual strand break efficiency ratio that results from the culmination of the direct and indirect processes. To gain more insight into the mechanisms that lead to the enhancement of breaks when plasmids contain platinum atoms, two additional series of experiments were performed. First, we studied the influence of the free radical scavenger DMSO at a given photons energy. Second, we performed experiments for a wide range of photon energies (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) keV) to determine the break induction as a function of photon energy.
Comparison of AЈ and CЈ: The Effect of DMSO on DSB Induction in the Presence of Platinum
When DMSO (1 M) is added into the platinum-bound plasmid solution, the slope of curve AЈ, m AЈ ϭ 12.7 ϫ 10 Ϫ5 , drops to m CЈ ϭ 1.84 ϫ 10
Ϫ5
. Therefore, about 87% of the radiation-induced DSBs were mediated by radicals, which were scavenged by the large excess of DMSO. Tentatively, we attribute the remainder of the radiation-induced DSBs in presence of the DMSO, i.e. 13%, to direct interactions between the radiation and the (DNA ϩ PtTC) complex.
Comparison of BЈ and DЈ: The Effect of DMSO on DSB Induction in the Absence of Platinum
When DMSO (1 M) was added to a platinum-free solution of plasmids, the slope of the BЈ curve, m BЈ ϭ 7.4 ϫ 10
Ϫ5
, drops to m DЈ ϭ 1.3 ϫ 10 Ϫ5 . In that case, about 85% of the radiation-induced DSBs in plasmids were mediated through the reaction of scavengeable radicals with the plasmids. The contribution of direct and indirect processes that we measured for the induction of DSBs is in agreement with that observed by others (2, 3). Figure 3A shows the values of the ratio
Energy Dependence of DSB Induction (7-16 keV)
The values of m(DSB, Pt) and m(DSB) at the different energies are reported in Table 1 . The ratio ␦m/m represents the relative DSB gain due to the presence of platinum, dependent upon the X-ray energy. The photoabsorption cross section of the PtTC molecule is plotted as a function of photon energy in Fig. 3B . The relative DSB gain exhibits a threshold-like increase when crossing the L III -shell edge of the platinum atom. This corresponds very closely to the specific Auger effect when the L III -shell channel of platinum starts to open. At lower energies (E ϭ 8.5 keV), a local maximum was found in the induction of DSBs despite the monotonic decrease of the photoabsorption cross section as a function of photon energy in this energy range (E ϭ 8.5 keV, Fig. 3B ). A possible interpretation of the latter observation might be the role that the photoelectrons originating from the primary water ionization may play. It is important to keep in mind that the platinum excitation is triggered not only by photons but also by electrons. A major portion of the photons absorbed by the water are captured by the K shell of the oxygen atoms; these will produce a flux of scattered secondary electrons with a broad energy spectrum. The maximum energy of these photoelectrons is
Low-energy electrons also might be of considerable importance in radiation damage, as suggested by Sanche (16) .
In the present experiments, they could also induce ionization of electrons of platinum with low binding energy. Hence these secondary electrons, emitted in the vicinity of a plasmid, may subsequently ionize the inner atomic shells of M, N, etc. of platinum, enhancing the ability of the platinum to induce SSBs and DSBs in plasmids.
Analysis of Indirect and Direct Contributions to SSB and DSB Induction
From the two series of experiments summarized above, some conclusions may be drawn about the mechanisms governing the enhancement of the induction of SSBs and DSBs by platinum. It can be seen that for all energies investigated here, the values of the ratios are all nearly equal and are close to 0.013. This suggests a common mechanism for SSB and DSB induction whether or not platinum is present. The enhancement of the induction of SSBs and DSBs is clearly related to the excitation of the platinum atom ( Fig. 3A and  B) . It was also found that the induction of DSB was scavengeable up to 87%. These results strongly indicate that the excitation of platinum atoms by photons or photoelectrons and the corresponding Auger effect, result in an increased production of
• OH close to the DNA, which can subsequently induce SSBs and DSBs (17) . Therefore, the major part of the induction SSBs and DSBs is mediated by
When platinum is present, the platinum atom appears to be acting as an additional source of • OH that originate from inner-shell excitation of the platinum atom in a nonresonant process, resulting in an increase in SSB and DSB induction. Stated differently, one can say that there is a specific ability of the platinum atom exposed to energetic electrons to focus the energy deposition on itself. Thus the heavy platinum atoms, with their large ionization cross sections for electrons or/and photons, behave as a radiosensitizer when intercalated into DNA.
To investigate the contribution of the direct processes to the induction of SSBs and DSBs, we now consider the different ratios of DSBs over SSBs when DMSO is added at E on ϭ 11.562 keV. In this case, a significant difference is observed in the ratios, indicating that the yield of SSBs decreases to a greater degree than that of DSBs when platinum is present. It means that the production of DSBs is favored by the resonant photoabsorption in an inner electronic shell of the platinum atom. The latter effect is quantitatively small in aqueous solutions compared to the indirect contribution. It can be observed only if the overwhelming contribution of
• OH is quenched by DMSO.
A Possible Application to Hadrontherapy
Finally, let us add some remarks of practical importance. Irradiation with ion beams (H ϩ , C 6ϩ , etc.) should boost, in a well-defined volume, the induction of DSBs in DNAPtTC complexes. A ''shower'' of energetic electrons is produced by the ion beam when the ions are slowed down by interactions with the electrons in the medium. These secondary electrons are able, in turn, to ionize platinum atoms, just as the photoelectrons are able to ionize platinum atoms. The strongest increase of the energy transfer (LET) will take place around the Bragg peak. Hence the maximum enhancement of the ionizations of platinum atoms is expected at the location of the Bragg peak, triggered by these secondary electrons and leading to an increase in DSBs in the DNA. The net gain will be the achievement of a greater selectivity of the volume in which the energy is delivered. This suggests the possibility of hadrontherapy involving the irradiation of tissues containing heavy atoms to achieve the targeting of the dose deposition to a specified volume. This hadrontherapy should improve the efficiency of radiationinduced tumor cell killing in a well-defined volume, which is of obvious interest in the radiation therapy.
